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Bacteria appeared early in the evolution of cellular life on planet Earth, and therefore the universally
essential genes or biological pathways found across bacterial domains may represent fundamental ge-
netic or cellular systems used in early life. The essential genes and the minimal gene set required to
support bacterial life have recently been experimentally and computationally identified. It is, however,
still hard to estimate the ancient genes present in primitive cells compared to the essential genes in
contemporary bacteria, because we do not know how ancestral primitive cells lived and proliferated, and
therefore cannot directly evaluate the essentiality of the genes in ancestral primitive cells. The cell wall is
normally essential for bacterial proliferation and cellular division of walled bacterial cells is normally
highly controlled by the essential FtsZ cell division machinery. But, bacteria are capable of reverting to
their cell wall deficient ancestral form, called the “L-form”. Unlike “normal” cells, L-forms divide by a
simple physical mechanism based on the effects of membrane dynamics, suggesting a mode of primitive
proliferation before the appearance of the cell wall. In this review, we summarize the experimental and
computational investigations of minimal gene sets and discuss the minimal cellular modules required to
support the proliferation of primitive cells, based on L-form proliferation.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Identification of the minimal gene set for bacteria would
contribute to our understanding of the principles of cellular life
(Luisi et al., 2006; Juhas et al., 2011). Lists of essential genes for cell
viability are now available in various bacteria (Juhas et al., 2011,
2014; Acevedo-Rocha et al., 2013). The universally essential genes
across the bacterial domain may represent a possible minimal gene
set required for bacterial life.
Mushegian and Koonin estimated the minimal gene set which is
conserved in Mycoplasma genitalium and Haemophilus influenza
(Mushegian and Koonin, 1996). Because both bacteria were sepa-
rated from their common ancestor at least 1.5 billion years ago, the
genes conserved in both bacteria, the minimal gene set, would beof Geosciences (Beijing).
ijing) and Peking University. Produc
d/4.0/).
., et al., Essential cellular mo
1.013ancestral genes (Koonin, 2003), whose functions were related to
transcription, translation, replication, DNA recombination and
repair, chaperon-like proteins, a part of cofactor synthesis, protein
export and metabolite transport systems such as ATPases, but not
for the amino acid synthesis and fatty acid biosynthesis (Mushegian
and Koonin, 1996), which could be acquired from the nutrient rich
living environment (Gil et al., 2004). Interestingly, the minimal
gene set determined computationally was comparable to that
determined experimentally (Koonin, 2003). Therefore, even though
there may be differences among minimal gene sets determined
experimentally or computationally, every minimal gene set might,
at least partially, represent the ancestral life form.
The peptidoglycan (PG) cell wall is a defining structural feature
of the bacterial kingdom. Although the cell wall biosynthetic
pathway is normally indispensable for bacterial proliferation, it has
been known that many bacteria are capable of switching into a cell
wall-free L-form state (Klieneberger, 1935; Allan et al., 2009; Leaver
et al., 2009; Mercier et al., 2014). Virtually all bacterial cells in theirtion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
dules for the proliferation of the primitive cell, Geoscience Frontiers
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cell division machinery (Adams and Errington, 2009). However, in
L-forms, this essential cell divisionmachinery together with the cell
wall synthetic enzymes becomes completely dispensable (Leaver
et al., 2009; Mercier et al., 2014). Instead, L-form proliferation is
driven by a simple biophysical process based on an increased ratio
of surface area to cell volume synthesis, which induces cell shape
deformations leading to scission (Mercier et al., 2012, 2013, 2014).
This simple proliferation mechanism in L-forms accords with the
possible replicative mechanisms of primitive cells, as results of
several in vitro and theoretical studies (Hanczyc et al., 2003;
Peterlin et al., 2009; Zhu and Szostak, 2009; Budin and Szostak,
2010; Terasawa et al., 2012), have suggested that L-forms might
resemble early forms of cellular life before the appearance of the
cell wall billions of years ago (Mercier et al., 2013).
In this review, we summarize the efforts so far to identify
minimal gene sets computationally and experimentally and discuss
possible minimal cellular functions to support the proliferation of
primitive cells based on the observation of L-forms. We imagine
that the conserved essential modules estimated fromminimal gene
sets identified experimentally could support the L-form mode of
proliferation of primitive cells.
2. Experimental identification of essential genes in bacteria
Random transposon mutagenesis has been employed as the
preferential method for genome-wide identification of essential
regions in a bacterial genome (see Table S1) (Hutchison et al., 1999;
Akerley et al., 2002; Gerdes et al., 2003; Sassetti et al., 2003; Salama
et al., 2004; Glass et al., 2006; Liberati et al., 2006; Suzuki et al.,
2006; Day et al., 2007; Gallagher et al., 2007; Cameron et al.,
2008; French et al., 2008; Chaudhuri et al., 2009; Gawronski
et al., 2009; Christen et al., 2011). Transposons are mobile genetic
elements which can randomly integrate into genomic DNA.When a
transposon integrates into an essential region in a bacterial
genome, including the coding regions of essential proteins/RNAs or
non-coding essential regions, such as replication origins or tran-
scriptional regulatory elements for essential genes; the resultant
mutants are not viable, and therefore should not be isolated from
libraries of transposon. Several studies have identified the 103e106
integration sites in the bacterial genome by high throughput
sequencing or microarray, and transposon free genomic regions
were identified as essential genomic regions (Acevedo-Rocha et al.,
2013) (Table S1). Numbers of essential genes in various bacteria
were widely distributed (Table S1). Bacillus anthracis required 253
genes for their optimal growth, sporulation and germination (Day
et al., 2007), while 789 genes are required for the growth of Vib-
rio cholera in nutrient rich medium (Cameron et al., 2008). Christen
and colleagues have recently reported an exhaustive analysis on
essential coding and non-coding chromosomal elements in Caulo-
bacter crecentus using a hyper-saturated transposon mutagenesis
strategy (Christen et al., 2011). In this study, transposons were in-
tegrated into the Caulobacter genome; the saturation of transposon
insertion in a library of mutants was so high that there should have
been a transposon inserted (in theory) every 8 bp, and 12.19% of the
genomic regions were identified as essential. The regions included
480 protein coding regions and 130 non-coding regions. In addi-
tion, 402 regions were estimated to be essential to control gene
expression.
Another method to systematically identify essential genes is by
direct gene inactivation (Juhas et al., 2014). In this strategy, a target
gene is directly replacedwith amarker gene (normally an antibiotic
resistant gene), or is disrupted by inserting a DNA fragment car-
rying the marker gene. If the mutant is not isolated, the target gene
was assumed to be essential for cell growth. Many thousands ofPlease cite this article in press as: Higashi, K., et al., Essential cellular mo
(2016), http://dx.doi.org/10.1016/j.gsf.2016.11.013gene knockout mutants have been made in Escherichia coli and
Bacillus subtilis respectively, and the results of these knock out
experiments show that 303 genes for E. coli and 271 for B. subtilis
were essential for cell growth in LBmedium (Kobayashi et al., 2003;
Baba et al., 2006). The essential genes in both E. coli and B. subtilis
were recently re-evaluated in different growth conditions or using
a different knockout method (systematic consecutive deletions, see
Table S1), and the results showed that 295 and 259 genes were
indispensable in E. coli and B. subtilis, respectively (Juhas et al.,
2014). Xu and colleagues carefully evaluated the essentiality of
genes in Streptococcus sanguinis using the direct gene inactivation
strategy and identified 218 essential genes in the genome (Xu et al.,
2011).
Despite extensive studies on the identification of essential genes
in various bacteria as described above, lack of a clear pattern of
conservation has prevented a plausible prediction of the universal
minimal gene set in a bacterial genome (e.g. Baba et al., 2006; Xu
et al., 2011). Gene duplication, functional redundancy of multiple
genes and alternative metabolic pathways acquired during bacte-
rial evolution complements the essentiality of certain genes or
pathways, and confounds description of an essential minimal gene
set (Baba et al., 2006; Xu et al., 2011).
The differences in definition of essential genes may be also due
to differences in the experimental methods or conditions used for
evaluating gene essentiality in different laboratories (Table S1)
(Acevedo-Rocha et al., 2013). The essentialities of E. coli K-12 genes
have mainly been evaluated by two different strategies, random
transposon mutagenesis or direct gene inactivation (Gerdes et al.,
2003; Baba et al., 2006). Baba et al. (2006) estimated 205 genes
were essential in both random mutagenesis and targeted gene
knock out experiments, which is only 67% of the essential genes
determined by Gerdes et al. (2003). Baba et al. (2006) showed that
92 mutants grew healthily in LB medium (OD600 ¼ 0.52e0.95, after
22 h cultivation), but not in MOPS minimal medium (OD600 < 0.08,
after 48 h cultivation). The genes required for growth in MOPS
minimal medium have roles in amino acid, nucleotide and vitamin
metabolism or transport, which is consistent with the presence of
these chemicals in a complex growth medium such as LB, and their
absence in a defined simple medium such as MOPS minimal me-
dium (Baba et al., 2006). The discrepancy in essential genes in
different bacterial species could be also explained by the difference
of their preferred habitats (Christen et al., 2011). Bacteria might
need different gene sets to survive in different ecological niches
(Wiedenbeck and Cohan, 2011). Consistent with this, essential
genes related to stress response in the enteric bacterium E. coli and
the soil bacterium B. subtilis do not overlap each other (Juhas et al.,
2014).
3. The minimal bacterial gene set estimated by comparative
genomics
Comparative genomics is another way to estimate the minimal
gene set. The initial attempt to identify the minimal gene set was
carried out by identifying the conserved genes between the genome
of the parasitic bacteria, Mycoplasma genitarium carrying 468
protein-coding genes, with the small Haemophilus influenzae
genome, carrying 1703 protein-coding genes (Mushegian and
Koonin, 1996). As a result, 240 orthologous genes were identified
as genes conserved on both genomes. Although Mushegian and
Koonin found there was an absence of some orthologous genes
which encode components of essential biochemical pathways, the
essential cellular functions were complemented by non-
orthologous genes in both bacteria (Mushegian and Koonin, 1996).
This phenomenon was called non-orthologous gene displacement
(NOGD), and 22 NOGDs were found in their comparison study. Indules for the proliferation of the primitive cell, Geoscience Frontiers
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removed from the minimal gene set. The minimal gene set was
determined as 256 genes (Mushegian and Koonin, 1996). Later, Gil
and colleagues determined the minimal bacterial gene set using
comparisons of several sets of genomic information: (1) the protein
coding genes conserved in bacterial endosymbionts of insects,
Blochmannia floridanus, Buchnera aphidicola (three strains isolated
from Acyrthosiphon pisum, Schizaphis graminum and Baizongia pis-
tacea), and Wigglesworthia glossinidia (conserved genes included
“functional” conserved genes); (2) the experimentally determined
essential genes in E. coli and B. subtilis (Gerdes et al., 2003;
Kobayashi et al., 2003; Yamazaki et al., 2008); (3) the minimal
gene set of M. genitalium (Mushegian and Koonin, 1996) and
experimentally determined essential genes of M. genitalium and a
close relative ofM. genitalium,Mycoplasma pneumoniae (Hutchison
et al.,1999); (4) the essential genes in Staphylococcus aureus (Ji et al.,
2001; Forsyth et al., 2002) and (5) the small Phyroplasma asteris
genome (Oshima et al., 2004). They determined that 266 genes
were the minimal gene set (Gil et al., 2004). The minimal gene set
included genes for replication, transcription, translation, protein
chaperones, transport, glycolysis, ATPases, penthose phosphate
pathways, lipid metabolism (without fatty acid synthesis), nucleo-
tide synthesis, cofactor synthesis (Gil et al., 2004). Gil and col-
leagues cautioned that this minimal set of essential genes was
provisional and has little relevance for the study of the origin of life
(Gil et al., 2004) and it might be actually hard to precisely estimate
the genes that primitive cells had from the minimal gene set.
However, these analyses were performed based on orthology and,
thus, every minimal gene set might have information about the
evolution in the highly conserved genes (Koonin, 2003).
On the other hand, Acevedo-Rocha and colleagues pointed out
that the experimentally determined essential genes in E. coli (Baba
et al., 2006) are conserved at a very low rate among 171 bacterial
genomes, with just 42 genes (14%) found in all genomes, suggesting
that there is significant difficulty in estimating universal essential
genes from essential gene sets (Acevedo-Rocha et al., 2013). As
mentioned in the previous section and earlier in this section,
because there is functional redundancy of genes, NOGD, and dif-
ferences in experimental conditions, it is not surprising that there is
a lower conservation of essential genes when the number of bac-
terial species used for the comparison has increased. Azuma and
Ota directly estimated the minimal cellular functions using the
KEGG pathway maps. Because they identified conserved pathways
instead of the identification of the conserved genes, the negative
effects of NOGD might be diminished. They succeeded in deter-
mining the minimal pathway map of E. coli, which is composed of
20 conserved pathways and 21 organism-specific pathways
(Azuma and Ota, 2009).
4. Conservation of essential modules in bacteria
To discuss the conservation of essential cellular functions in this
review, we have analysed the degree of conservation of pathways/
functional structures involved in essential biological reactions (we
have termed them: ‘essential modules’ in this manuscript) in bac-
teria using the “KEGG module completion ratio (MCR)” (Takami
et al., 2012) based on the essential gene sets in a wide range of
bacterial species (see Fig. 1 legend, Table S2). Since each KEGG
module is composed of multiple pathways to generate metabolic
products via a series of reactions, the analysis could avoid negative
effects due to alternative pathways or genes (or proteins). Fig. 1
shows the result. Fatty acid biosynthesis (KEGG module number:
M00083 and M00082) (Kanehisa et al., 2008), PRPP biosynthesis
(M00005), Coenzyme A biosynthesis (M00120) and Glycolysis
(M00002) were ranked as the top 5 most conserved of the essentialPlease cite this article in press as: Higashi, K., et al., Essential cellular mo
(2016), http://dx.doi.org/10.1016/j.gsf.2016.11.013pathway modules in bacteria (Fig. 1B). Glycolysis is the metabolic
pathway that converts glucose into pyruvate and also generates the
energy compounds (ATP and NADH). Pyruvate is the essential
starting material for the aerobic Krebs cycle and for anaerobic
fermentative metabolism. Pyruvate is also converted into acetyl-
CoA (Coenzyme A), which is used for the initial step in the fatty
acid biosynthetic pathway. Fatty acid synthesis starts from the
synthesis of Acetoacetyl-ACP from acetyl-CoA and malonyl-ACP,
following the acyl chain elongate via the addition of acetyl
units for the malonyl-CoA (Magnuson et al., 1993). Coenzyme A
biosynthesis (M00120) is also essential for fatty acid synthesis
(Magnuson et al., 1993). The synthesis of 5-phosphoribosyl-alpha-
1-diphosphate (PRPP) from ribose 5-phosphate is the first step of
the nucleotide synthesis (Gil et al., 2004). As seen in Fig. 1B, the
remaining essential pathway modules ranked within the top 10 are
nucleotide synthesis (M00050, M00052), isoprenoid biosynthesis
(M00096), and tetrahydrofolate (THF) biosynthesis (M00126). Iso-
prenoid contributes to membrane stability (Taylor, 1984). THF is
critical for amino-acid and nucleotide synthesis (Scott and Weir,
1998).
The ribosome (M00178), DNA-polymerase III complex
(M00260), RNA polymerase (M00183), F-type ATPase (M00157)
and Lipoprotein-releasing systems (M00255) were ranked in the
top 5 in the conservation of the essential structural modules among
bacteria (Fig. 1C). Thus, the highly conserved structural modules,
except for the F-type ATPase, are related to the processing of ge-
netic information, translation (ribosome), replication (DNA-poly-
merase III) and transcription (RNA polymerase). The F-type ATPase
could be crucial for creating a proton motive force and maintaining
pH homoeostasis (Xu et al., 2011). The remaining highly conserved
modules rankedwithin the top 10 are a secretion system (M00335),
cell division transport system (M00256), the ABC type transport
system (M00254), a lipopolysaccharide export system (M00320)
and RNA degradation system (M00394). The M00335, M00256,
M00254 andM00320modules are related tomembrane trafficking,
and M00394 is involved in the processing of genetic information
(Kanehisa et al., 2016). The conserved essential KEGG modules are
overlapped with the pathways encoded by the minimal gene set
that Gil and colleagues determined (Gil et al., 2004), suggesting that
the minimal gene set has been evolutionary conserved as genes
encoding essential modules.
Interestingly, the E-cell projects indicated that the metabolic
pathways composed of: glycolysis to generate ATP, biosynthesis
of phospholipid using exogenous fatty acid, and the transcription
and the translation machineries can support metabolic
homoeostasis, but not cell division and replication of the genome
(Tomita et al., 1999; Gil et al., 2004). The minimal gene set esti-
mated by the E-cell project strongly overlaps with that identified
by Gil and colleagues, who excluded the genes encoding the fatty
acid synthesis pathway, because fatty acids could be supplied
from the environment (Gil et al., 2004). Fatty acid synthesis,
however, may be important in primitive cell division, because the
activation of fatty acid synthesis leading to excess membrane
synthesis would stimulate the proliferation of primitive cells (see
next section).
5. L-form bacteria do not require cell division machinery and
cell wall biosynthetic pathways
The cell wall is a layered structure surrounding bacterial cells.
The major constituent of the cell wall is peptidoglycan (PG), which
is a simple meshwork of long glycan strands crosslinked by short
peptides (Typas et al., 2012). The PG wall is one of the defining
structures of the bacterial kingdom, and the genes or pathways
required for its synthesis are normally crucial for cell growth in alldules for the proliferation of the primitive cell, Geoscience Frontiers
Figure 1. The essential KEGG modules highly conserved among bacterial species. (A) KEGG global metabolic pathway downloaded from iPath2.0 server (Yamada et al., 2011).
Essential pathway modules are highlighted with colours corresponding to those in (B). (B) The top 10 conserved essential pathway modules. The lower panel shows the distribution
of KOs (KEGG Orthology ID assigned by gene ID or gene name of essential genes, columns) in genomes (rows, aci: Acinetobacter sp. ADP1 (de Berardinis et al., 2008), ban: Bacillus
K. Higashi et al. / Geoscience Frontiers xxx (2016) 1e84
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biotics, such as b-lactams and glycopeptides, and fragments of the
wall are recognised by our innate immune system, helping to
trigger immune responses (Allan et al., 2009; Jutras and Jacobs-
Wagner, 2015). Although some groups of bacteria do not possess
cell wall synthetic genes (e.g. Mycoplasma and Phytoplasma), they
probably lost the cell wall structure retrospectively from the wall-
proficient ancestors of modern bacteria. Therefore, the cell wall
probably appeared at the beginning of bacterial evolution, perhaps
it was present in the last common ancestor of the bacteria
(Errington, 2013).
Despite the pivotal importance of the cell wall in bacterial life,
surprisingly, it has been known that bacterial cells are capable of
reverting to their ancestral wall-deficient state, called the “L-form”
under certain conditions (i.e. in the presence of an osmoprotectant
such as sucrose) (Allan et al., 2009). L-forms were classically iso-
lated as antibiotic resistant variants associated with a wide range
of infectious diseases (Domingue and Woody, 1997), and have
been studied for many decades since their discovery in 1935
(Klieneberger, 1935).
Almost all bacterial cells normally divide by binary fission. The
central protein in cell division is the tubulin-like protein, FtsZ,
which forms a ring structure at themiddle of the cell towhich other
cell division proteins are recruited, and the FtsZ division machinery
drives new cell wall synthesis at the division site to generate
daughter cells (Adams and Errington, 2009). Instead, L-forms divide
by a range of poorly regulated mechanisms, including membrane
extrusion, blebbing, tubulation and vesiculation, followed by
spontaneous resolution into smaller progeny (Kandler and Kandler,
1954; Dell’Era et al., 2009; Leaver et al., 2009; Briers et al., 2012).
Remarkably, in the L-forms of several bacteria, including of the
Gram-positive B. subtlis and Gramenegative E. coli, this essential
FtsZ division machinery together with the PG synthetic enzymes
becomes completely dispensable (Leaver et al., 2009; Mercier et al.,
2013, 2014; Kawai et al., 2014). Instead, L-form proliferation is
driven largely by biophysical effects that depend on excess mem-
brane synthesis, leading to an increase in the cell surface area to
volume ratio (Mercier et al., 2013). Up-regulation of membrane
synthesis can be induced directly by activating the fatty acid
membrane synthetic pathway, or indirectly by repressing the PG
precursor pathway via an uncharacterized mechanism (Mercier
et al., 2013).
Recent in vitro and theoretical studies attempting to understand
the origins of life have shown that spontaneous incorporation of
fatty acidmolecules into simple vesicles, which causes an increased
surface area to volume ratio, is sufficient to drive the vesicle
replication without intervention of protein based mechanisms
(Hanczyc et al., 2003; Peterlin et al., 2009; Zhu and Szostak, 2009;
Budin and Szostak, 2010; Terasawa et al., 2012). Strikingly, various
modes of cell division in L-forms, including membrane extrusion,
blebbing, tubulation and vesiculation, seem to be achievable in the
simple vesicle replication in vitro. The mode of L-form proliferation
is likely conserved across a wide range of bacteria (Mercier et al.,anthracis (Day et al., 2007), bsu: Bacillus subtilis (Kobayashi et al., 2003), ccs: Caulobacter cresc
1: Escherichia coli K-12 (Baba et al., 2006), eco-2: E. coli (Kato and Hashimoto, 2007), ftn: Fra
2002), hin-2: H. influenzae (Gawronski et al., 2009), hpy: Helicobacter pylori (Salama et al., 200
(Glass et al., 2006), mpu: Mycoplasma pulmonis (French et al., 2008), pau: Pseudomonas
Staphylococcus aureus (Chaudhuri et al., 2009), ssa: Streptococcus sanguinis (Xu et al., 2011
essential/absence (white) of genes in the corresponding genomes. The essentialities of KO
Upper panel shows Module Completion Ratio (MCR) of each pathway module averaged a
reaction steps, operons, signature modules, and structural complexes. Each module can co
existing KOs belonging to a module or a percentage of KO fillings does not necessarily re
calculates the extent of completion for each module by input KOs. Using Boolean equation-li
OR represents alternative pathways or subunits), MCR characterize the completeness of mo
using essential genes in each genome, and then modules are sorted in a descending order o
Error bar indicates standard deviation. (C) The top 10 conserved essential ‘structural comp
Please cite this article in press as: Higashi, K., et al., Essential cellular mo
(2016), http://dx.doi.org/10.1016/j.gsf.2016.11.0132014), and thus simple biophysical effects involving membrane
dynamics could have supported efficient cell proliferation in cells.
6. The ancestral fatty acid synthesis pathway
As described above, the proliferation of primitive cells could be
driven by excess phospholipid membrane synthesis caused by the
activation of fatty acid synthesis (Mercier et al., 2013). A difficulty in
this model arises from the fact that the archaeal membrane phos-
pholipids are isoprenoid ethers linked to sn-glycerol-1-phosphate,
while bacterial membrane phospholipids are fatty acid esters
linked to sn-glycerol-3-phosphate. This huge difference in mem-
brane characteristics between bacteria and archaea leads to the
consideration that primitive life did not have a phospholipid
membrane (Lombard et al., 2012a). However, recent investigations
have indicated an alternative possibility for the composition of a
primitive cell membrane. Phylogenomic analysis has indicated that
archaea have a similar fatty acid synthesis pathway to that in
bacteria except they lack the acyl carrier protein (ACP) processing
system, indicating that primitive cells could have had a fatty acid
synthesis system. Moreira and colleagues also discussed that the
ancestral cells would possessed other enzymatic activities required
to synthesize phospholipid fatty acids, such as activities of sn-
glycerol-3-phosphate hydrogenase and cytidine diphosphate-
alcohol phosphatidyltransferase (Pereto et al., 2004; Lombard
et al., 2012b). In addition, phospholipid fatty acid was actually
detected in archaeal cells (Gattinger et al., 2002; Pereto et al., 2004).
Therefore, the pathway for the synthesis of phospholipid fatty acid
would be ancestral and a phospholipid membrane could have been
synthesized in primitive cells (Pereto et al., 2004).
7. The essential modules required for the proliferation of
primitive cells: concept from L-form cell division
Fig. 2 summarizes the estimated essential modules supporting
the primitive cell proliferation like L-form; the processing of ge-
netic information (transcription, translation and replication)
transmission of genetic information (genome) to progeny and to
read out the information from the genome, glycolysis delivers the
energy compounds and acetyl-CoA as a substrate for the fatty acid
synthesis (Fig. 2). Membrane trafficking of the proton on the
F0F1ATPase is required for the maintenance of pH homoeostasis
and proton motive force (Xu et al., 2011). The fatty acid synthesis
pathway generates the cellular membrane, which is sufficient to
drive L-form-like cell proliferation. In contrast, the normally
essential cell wall synthetic pathway and FtsZ dependent cell di-
vision system are dispensable for bacterial growth. Many nutrients,
including cofactors, amino acids and nucleotides could be acquired
from the nutrient rich circumstances on the ancient earth.
Mycoplasma is an animal symbiont, and has been used as an
outstanding model to create the simplest minimal cell, mainly
because of their small genomes and lack of cell wall. Recently,
Gibson and colleagues succeeded in creating an artificial strain ofentus (Christen et al., 2011), cgt: Corynebacterium glutamicum (Suzuki et al., 2006), eco-
ncisella tularensis (Gallagher et al., 2007), hin-1: Haemophilus influenzae (Akerley et al.,
4), mtu:Mycobacterium tuberculosis (Sassetti et al., 2003), mge:Mycoplasma genitalium
aeruginosa (Liberati et al., 2006), stm: Salmonella enterica (Knuth et al., 2004), sav:
), vch: Vibrio cholera (Cameron et al., 2008)). Boxes indicate essential (black) or non-
s among bacterial species using in this analysis (see above) are indicated in Table S2.
mong genomes. KEGG module is a collection of functional units such as consecutive
ntain alternative pathways or subunits to complete the function. So a naive count of
flect the potential functionality of a module. MCR, proposed by Takami et al. (2012),
ke definitions of each module (AND represents consecutive reactions or a complex, and
dule functionality, instead of considering all of KOs in a module. MCR were calculated
f average MCR among genomes. The top 10 highest ‘pathway modules’ are displayed.
lex’ modules.
dules for the proliferation of the primitive cell, Geoscience Frontiers
Figure 2. The essential modules for the simple proliferation. The energy/membrane/nucleotide production (glycolysis and nucleotide biosynthesis pathways), membrane main-
tenance (fatty acid synthesis), processing of genetic information (transcription, translation and replication) and membrane trafficking (F-type ATPases) are highly conserved
essential modules. Red line schematically indicates the cell membrane. The blue allows indicated by the metabolic flow from the pathway of glycolysis. The module IDs corre-
sponding to biological reactions are indicated with the KEGG module IDs.
K. Higashi et al. / Geoscience Frontiers xxx (2016) 1e86M. mycoides by transplanting a chemically synthesized genome,
even with large deletions of the genome, including ftsZ, into
M. capricolum recipient cells (Gibson et al., 2010; Hutchison et al.,
2016). Moreover, the small genomes (144e422 kbp) of several in-
sect symbionts which have retained only the genes required for
processing of genetic information, some amino acid synthesis and
vitamin synthesis have been reported (McCutcheon, 2010). These
symbionts probablyacquire variousnutrient sources, including fatty
acids fromtheir host insects. Thus, the extremely limitednumbers of
essential modules that are encoded by their genomes might be
enough to support cellular life in the nutrient rich circumstances. L-
forms have been isolated or detected in humans, other animals or
plants, but their prolonged cultivation under laboratory conditions
is usually very difficult, suggesting that some L-formsmay not grow
outside their host environments, due to lack of some factors only
available in the host environments (Allan et al., 2009). It may also
imply that the transition into L-form from the parental walled cell is
naturally occurring in their host environments. For example, it has
been shown that the production of reactive oxygen species (ROS) via
aerobic respiration seems tobe a serious impediment to growthof L-
forms generated in laboratory conditions (Jutras and Jacobs-
Wagner, 2015; Kawai et al., 2015). Thus, ancient earth conditions:
anaerobic andnutrient rich conditions (withmanysimple chemicals
needed for metabolism, amino acids, nucleotides, and even fatty
acids), would be needed for primitive cells which proliferate like L-
forms (Jutras and Jacobs-Wagner, 2015).
Many studies have attempted to create synthetic life in vitro for
the better understanding of the basic properties of cellular life. DNA
replication has been reproduced in vitro using a reconstituted
protein expression system, which is composed of purified subunits
to support translation and transcription (i.e. central dogma cycle)Please cite this article in press as: Higashi, K., et al., Essential cellular mo
(2016), http://dx.doi.org/10.1016/j.gsf.2016.11.013(Fujiwara et al., 2013). The replication of membrane vesicles has
been also artificially reproduced with a supply of fatty acids to the
outside of the vesicles (Budin and Szostak, 2010). The link between
DNA and vesicle replication/segregation could be an elusive, but the
fascinating problem in this field.
The cell is the basic structural, functional and the smallest unit
of life that can replicate to generate progeny. The analysis of a
minimal gene set and essential modules could be needed to
reconstruct autonomously reproducing simple cells and contribute
to the understanding of the genome in primitive cellular life.
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